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Abstract 
Simultaneous numerical simulation of particle coagulation and breakage in a planar jet is performed. Large eddy simulation (LES) 
is adopted to calculate the flow field and the direct expansion method of moments (DEMM) is employed to describe the 
evolution of particles undergoing coagulation and breakage. The Aggregation-Breakage Balance Equation is converted to a set of 
moment equations which contains the n/2th (n=0~4) moments through the DEMM method. The newly proposed DEMM model 
is confirmed to be valid to describe the evolution of particle size distribution (PSD). The coherent structures dominate the 
evolution of particle concentration, geometric mean diameter and geometric standard deviation. The particle number 
concentration decreases and the span of particle diameter gets wider along the centerline as the jet develops. The geometric 
standard deviation is larger in the shear layer than that in the jet core. 
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1. Introduction 
Turbulent flows containing particle coagulation and breakage are of great interest in many major industries 
processes like manufacture of fumed silica, as well as for natural phenomena like evolution of combustion smoke [1-
4]. Simultaneous evolution of particles undergoing several dynamic processes along with the transport processes of 
diffusion, convection and thermophoresis is unfeasible to be described well by limited experimental methods in the 
fluid field [5]. Hence, methodologies which can capture the multi-process particle transport are needed. Numerical 
simulations have been proved effective on the study of multiphase flow [6-9]. 
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The rate of change of the PSD by coagulation and breakage can be predicted by the Aggregation-Breakage 
Balance Equation (PABBE) [10]. For years, the method of moments (MOM)[6, 11] and the Sectional Method 
(SM)[5] are proposed and developed to deal with the equation with nonlinear and partial integro-differential 
characteristics[12]. 
2. Fluid flow 
The flow field consists of a particle-laden flow ejecting from a planar jet into a still environment, see Fig.1. The 
LES equations governing the incompressible flow are obtained by filtering the N-S equation: 
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where iu and p are the filtered velocity and pressure, respectively. ijW  is the subgrid-scale(SGS) stress, which is 
expressed by the Smagorinsky- Lily model. 
Fig. 1. Configuration of planar jet flow 
3. Particle transport 
3.1. PABBE and its moment transformation 
The transport of particles dispersed throughout the fluid is governed by the PABBE, which comes from Particle 
General Dynamic Equation (PGDE) proposed by Schmoluchowski and developed by Muller. The breakage process 
which is brought into the equation by Barthelmes et al.[10] comes about a steady state of PSD by the competition 
between coagulation and breakage, i.e., 
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where n(v,t) is the particle size distribution, v and v1 are particle volumes, β(v,v1) is the volume-based aggregation 
kernel which describes the colloid frequency of particles with volume v and v1. In our work, the Dahneke’s 
expression of coagulation kernel in the entire size regime is been adopted for calculating due to the low Knudson 
number (Kn < 1)[13, 14]. α(v) is the volume-based breakage kernel that gives the frequency of breakage of particles 
of volume v , and b(v|v1) is the fragment distribution function. Here, we adopt the same breakage model as the 
previous work in Gan et al.[15]. 
3.2. Direct expansion method of moments (DEMM) 
The DEMM is proposed based on the TEMOM[16] in which the closure of the moment evolution equations is 
achieved by means of the Taylor expansion method[13]. Following the derivation of [14], Eq.(3) can be obtained as: 
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where the moment mk is defined by  
0
,kkm v n v t dv
f ³ , ζ = kb((μG)/τ*)q and ξijk involves variety of partial 
derivatives of the coagulation kernel E , which will be numerically determined. mk+1/3 which relates to the breakage 
process can be obtained following the treatment in [11]. In this paper, we set m=2 and p=4, then the PABBE will be 
composed of five ordinary differential quations (k=0, 1/2, 1, 3/2, 2) and each involves five moments, namely m0, 
m1/2, m1, m3/2 and m2. This set of equations will be used in the present study to predict the time evolution of the PSD. 
4. Results and discussion 
4.1. Numerical specifications 
We introduce the following dimensionless parameters to simplify the calculation and analysis: 
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where the width of the nozzle D=0.0127m which is the characteristic length, U0=(U1-U2)=(9.55-1.91)=7.64m/s is the 
characteristic velocity, and the Reynolds number is Re = (U1  U2)D/νair =8300. The initial values of five moments 
are determined according to the following formula: 
 10 0 0 0,1/ 2,1,3 / 2,2kkm Φ v k  ,                       (6) 
in which the volume fraction at the nozzle exit Φ0 = 2.0×10-5, and the initial particle volume 30 0 6v dS , in which 
the initial particle diameter is d0 = 1μm.  
Computations are performed on a domain of L × H = 60D × 41D, which is discreted into structured grids. The 
model constant of Smagorinsky–Lilly model Cs is set as 0.1. 
4.2. Velocity field 
The self-preservation profiles of the mean stream-wise velocity compared with the experimental data are shown 
in Fig.2. As can be seen in the figure, the mean axial velocity satisfies the self-similarity distribution at X/Dı10 and 
can be expressed as a Gaussian curve. The fully developed vorticity contour of the planar jet is shown in Fig.3. 
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 Fig. 2. Self-preservation profiles of the mean stream-wise velocity    Fig. 3. Contour of the fully developed vorticity 
4.3. Evolution of PSD 
4.3.1. Particle number concentration 
The time-averaged moments develop along with the evolution of fluid field and arrive steady state after t*=300. 
Fig.4. shows the instantaneous contour of M0 at t*=373 which represents the particle number concentration. The 
spatial distribution of M0 resembles that of vorticity in Fig.3., which indicates that distribution of number 
concentration is dominated by the structure of coherent eddies. It can also be seen that the particle number 
concentration decreases along the centerline as the jet develops which demonstrates the effect of coagulation. The 
prediction of PSD proves the validity of the DEMM model.  
Fig. 4. Contour of zeroth moments M0 at t*=373 
4.3.2. Geometric mean diameter  
Coagulation and breakage of particles in the flow field bring about the change of particle size. The particle 
geometric diameter can be obtained by  1/3* *6 /p pd v S , in which the particle volume * 1 0/pv M M . The spatial-
temporal evolution of particle mean diameter is presented in Fig.5. At early stage of the development of fluid field, 
the particles are dominated by coagulation and size of particles grows fast along the centreline of the jet (Fig.5(a)). 
As time progresses, the maximal particle diameter grows from 2.04 at t*=8 to 2.79 at t*=318. The span of particle 
diameters gets wider when the distribution of particle diameters turns irregular as the jet flows downstream 
(Fig.5(d)). 
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(a)t*=8 (b)t*=64 
(c) t*=200 (d) t*=318 
Fig. 5. Instantaneous contours of the particle diameter dp* at different times 
4.3.3. Geometric standard deviation (GSD) 
Cross-stream profiles of the geometric standard deviation at t*=373 at different streamwise positions is given in 
Fig.6. The maximal values of the GSD increase from 1.095 at X/D=6 to 1.175 at X/D=26 and the span of geometric 
standard deviation becomes wider as the jet develops to downstream. The maximal GSD appears near the interface 
between the jet and the ambient due to a relatively large concentration and velocity gradient. 
Fig. 6. Cross-stream profiles of the geometric standard deviation gV  at t*=373 
5. Conclusions 
Simultaneous numerical simulation of particle coagulation and breakage in a planar jet is performed. The flow field is 
calculated by LES and verified by experimental data. The direct expansion method of moments with n/2th (n=0~4) moments is 
employed to predict the coagulation of particles. The particle dynamics equation is converted to a set of closed ordinary 
differential equations and solved numerically. The results confirm the validity of the newly proposed DEMM model on 
describing the evolution of particle size distribution. The coherent structures dominate the evolution of particle concentration, 
geometric mean diameter and geometric standard deviation. The particle number concentration decreases and the span of particle 
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diameter gets wider along the centerline as the jet develops. The geometric standard deviation is larger in the shear layer than that 
in the jet core. 
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